Vibration-based damage detection for a composite helicopter main rotor blade  by dos Santos, F.L.M. et al.
Case Studies in Mechanical Systems and Signal Processing 3 (2016) 22–27
Contents lists available at ScienceDirect
Case Studies in Mechanical Systems and Signal
Processing
journa l homepage: www.e lsev ier .com/ locate /csmsspShort communicationVibration-based damage detection for a composite helicopter
main rotor blade
F.L.M. dos Santos a,b,c,*, B. Peeters a, H. Van der Auweraer a,c, L.C.S. Go´es b,
W. Desmet c
a Siemens Industry Software, Interleuvenlaan 68, 3001 Leuven, Belgium
b Instituto Tecnolo´gico de Aerona´utica (ITA), 12.228-900 Sa˜o Jose´ dos Campos, Brazil
cKU Leuven (KUL), Mechanical Engineering Department, Celestijnenlaan 300, 3001 Leuven, BelgiumA R T I C L E I N F O
Article history:
Received 28 October 2015
Received in revised form 31 December 2015
Accepted 7 January 2016
Available online 28 January 2016
Keywords:
Structural health monitoring
Helicopter blade model
Strain energy damage index
Vibration based damage detection
A B S T R A C T
This work presents experimental results of two damage detection techniques based on
modal properties, with the application on a full-size composite helicopter main rotor
blade. The damage detection methods used in this study are the coordinate modal
assurance criterion (COMAC) and the modal strain energy method, which are respectively
based on the comparison of vibration modes and on the comparison of the modal strain
energy of a beam.Modal parameters were obtainedwith experimental modal analysis and
damage was introduced artiﬁcially on the blade by attaching a small mass to it, changing
its global properties in this way. Finally, experimental results for the damage detection
technique are shown for both methodologies, and remarks concerning sensitivity and
robustness of the methods are discussed.
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
There aremany possible applications formonitoring systems, as any structure can bemonitored to avoid failure. Of all the
applications, the rotorcraft industry is one of the more motivated ones – the blades from helicopter rotors are a very
important structural element, they are very long beam-like structures that undergo different load conditions and
aerodynamic forces at different parts of it. Failures on composite blades can lead to loss of performance or even catastrophic
incidents, so constantmonitoring of this sort of structure is very important. For a composite blade, these failures can include,
but are not limited to, impact damage [1], matrix cracks [2], delamination [3] and blade unbalance [4].
The objective of monitoring systems is to continuously monitor a structure during its complete lifetime, being able to
detect, locate, quantify and even estimate the residual life-time of a component due to damage or problems present in one or
multiple locations.Many challenges arise in designing a robust and efﬁcient systemof this kind – how to detect changes, how
to identify them and which types of damage or problems are to be detected – all of these play an important role in
determining the sensor network and system architecture to be used.
Of the many different types of monitoring and damage detection methods, those based on the system’s modal properties
have been studied for a long time [5–7]. These techniques rely on the fact that local changes in the system can affect the* Corresponding author at: Siemens Industry Software, Interleuvenlaan 68, 3001 Leuven, Belgium.
E-mail address: fabio.m.santos@siemens.com (F.L.M. dos Santos).
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2351-9886/ 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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(obtained from experiments or simulation) with a possibly damaged system and try to identify and locate changes or
failures.
This paper presents the experimental modal testing of a helicopter composite main rotor blade and its application in
damage detection and monitoring system context.
2. Modal methods for monitoring
2.1. Mode shape based monitoring
Mode shape based methods use the structural modes or change of mode shapes [8] between a baseline (pristine) system
and the monitored system as a way to track atypical behavior and/or damage. A simple way of identifying and locating
system changes is the coordinate modal assurance criterion (COMAC) [9,10]. This method is known to be less sensitive to
cracks [11] but it can nonetheless be a good indicator of system changes that affect the mode shapes directly. The
formulation of COMAC is shown below:
COMACk ¼
ðPnr¼1f0k;rfdk;rÞ2
ðPnr¼1f0k;rf0k;rÞðPnr¼1fdk;rfdk;rÞ
(1)
where f is the modal vector, the superscripts 0 and d refer to the baseline and monitored systems, respectively, and the
subscripts k and r represent the kth measurement point and rth mode, while n is the number of considered modes. The
calculated COMAC values range from 0 (lowest correlation) to 1 (highest correlation).
2.2. The modal strain energy method
The strain energy method, developed in [12] has been subject to many studies, which have led to further development of
the algorithm and damage index indicators. The method takes into account the changes of strain energy in an Euler–
Bernoulli beam. The bending modal strain energy UB,r can be obtained by integration of the squaredmode curvature over its
length L:
UB;r ¼ 12
Z L
0
½EIðf00r ðxÞÞ
2 dx (2)
where f00 is the second spatial derivative of the vibration mode f and EI is the bending stiffness of the beam and can vary
along the beam axis x.
The most common way of calculating the spatial derivative of f is to use the central differences formulation:
f00el;r ¼
fðxÞk1;r2fðxÞk;r þ fðxÞkþ1;r
d2
(3)
with d representing the distance between measurement points and the subscript el represents the strain energy within an
element with length d.
Based on some assumptions, a damage index can be created using this strain energy formulation. The damage index used
in this work is derived from [13], where an approximation is made based on the assumption that there is only change in the
energy quantity at the damaged location and that the overall energywill remain the same. In this way, the following damage
indicator for a given mode is obtained:
bel;r ¼
EI0el
EIdel
¼
R
l½f00dr ðxÞ
2
dxR
l½f000r ðxÞ
2
dx

U0B;j
UdB;r
¼ NUMel;r
DENel;r
(4)
Afterwards, summation is carried out for all considered modes and the damage indicator is then normalized (5).
bel ¼
Pn
r¼1NUMel;rPn
r¼1DENel;r
and Zel ¼
belmb
sb
(5)
where mb is its mean value and sb its standard deviation, which is the square root of the variance of the elements.
An important remark on this damage indicator is that it is much more sensitive than other damage indicators. Since it
does not include the integral of the curvaturemode shape over the whole beam, smaller values are compared in the fraction.
High sensitivity may lead to detection of small damage, but at the same time, it means that the index is more prone to noisy
data.
[(Fig._1)TD$FIG]
Fig. 1. Composite helicopter main rotor blade used for the experimental modal analysis.
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The helicoptermain rotor blade (MRB) investigated in thiswork belongs to the PZL SW-3 Sokol helicopter [14]. The D-spar
of the blade ismade of roving glass ﬁber, the core is composed of Nomex honeycomb ﬁlling and the skin ismade of glass ﬁber
reinforced plastics (GFRP). The span of the blade is approximately 7m and the chord length varies along the span. Fig. 1
shows the composite blade. The black region is where the leading edge is located, and the trailing edge is on the upper part.
An experimental modal analysis was carried out to obtain the blade’s modal properties in a non-rotating condition. The
blade was suspended with two elastic cords to obtain a free-free boundary condition. Even though a clamping condition
would ideally be more adequate for the blade test, since it better represents the blade’s actual condition when in the
[(Fig._2)TD$FIG]Fig. 2. Frequency response function (a) and coherence (b) from the measured force to a selected point in the z (bending) direction.
[(Fig._3)TD$FIG]
Fig. 3.Measurement points onmain rotor blade – circled points (10, 17, 22, 29, 40, 47) represent the acceleration measurements on the y direction, and the
point in red represents the excitation point (driving point). The position of the mass used for damage detection is also shown. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Table 1
Data acquisition details.
Excitation signal Burst random
Number of averages 30
Sampling frequency 800Hz
Frequency range of interest 8–110 Hz
Frequency resolution 0.1953 Hz
FRF estimator H1
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free-free boundary condition with the elastic ropes, one should assure that the stiffness of the ropes does not substantially
affect the dynamic properties of the system in the desired frequency range.
The cut-off frequency for the experiments was from 8 to 110Hz and it was determined using impact tests. It is important
to note that the ﬁrst bending mode of the blade (at around 4Hz) is not included. This mode presented low quality, possibly
due to the inﬂuence of the boundary conditions, and thereforewas excluded from the analysis. Thiswas not amajor problem,
since the complete modal characterization was not the primary objective of this study. The poor quality of this mode can be
better inferred from Fig. 2, which shows the frequency response function (FRF) and coherence from a selectedmeasurement
point on the z direction. It is clear that the coherence value is low for the mode at 4 Hz.
Having veriﬁed the boundary conditions and decided the bandwidth, the blade was instrumented with accelerometers
and an electrodynamic shaker was used to excite the system at a ﬁxed location. Acceleration was measured on a total of
55 points and a force transducer was used tomeasure the excitation force exerted by the shaker. Fig. 3 shows themain rotor
blade with all the measurement points, driving point and coordinate system. From the 55 accelerometers, 49 measured
acceleration in the z direction, to capture beamwise and torsional dynamics, while the other six accelerometers measured
acceleration in the y direction to identify the in-plane dynamics. Additionally, amass of approximately 300 gwas attached to
one location to simulate mass unbalance on the blade and a second experimental run was carried out for that case.
The full list of components used for the tests is shown below, and additional details on the signal acquisition are shown in
Table 1. LMS SCADAS III with 64 measurement channels and two output channels.
 PC with LMS Test.Lab 11A software.
 55 PCB 333B30 Accelerometers.
 PCB 086C03 impact hammer.
 PCB 208C03 impedance head.
 Electrodynamic shaker with stinger and ampliﬁer.
Finally, the PolyMAX frequency domain identiﬁcation method [15], which is based on a least squares ﬁt, was used to
identify the vibration modes of the helicopter blade.
4. Damage detection and localization
To verify the modal methods presented, the experimental results from the modal analysis were used. These include the
pristine blade as the baselinemodel and the results from the systemwith the addedmasswere used as the damaged data set.
As a main objective, the sensitivity and effectiveness of the two modal detection methods were investigated.
Having identiﬁed the vibration modes, the COMACmethod can be directly applied from Eq. (1), and then it is normalized
using a procedure similar to that shown in (5). The resulting indicator should be zero or close to zero where there are no
system changes, and high values should indicate the presence of the system unbalance.
[(Fig._5)TD$FIG]
Fig. 5. Experimental detection using COMAC and strain energy algorithm– application to a helicoptermain rotor blade. (a) Experimental detection using the
COMAC damage index. (b) Experimental detection using the strain energy damage index. (For interpretation of the references to color in this sentence, the
reader is referred to the web version of the article.)
[(Fig._4)TD$FIG]
Fig. 4. Beam approximations based on measurement points and added mass locations (red). Each beam is represented by one of the black lines. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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sensors near the leading edge (see Fig. 3) was used as the ﬁrst line, the mid line of sensors can be used to represent the beam
dynamics for the in-planemovement and the upper line on the blade, near the trailing edge, can be used as a second bending
beam, and also to account for the torsional modes. Fig. 4 shows the added mass location as well as the three beam lines.
The detection procedures were carried out for the experimental results obtained from the blade, and the indexes were
calculated and shown in Fig. 5, with the mass location indicated in red.
Then the results can be analyzed. First of all, both methods show a peak detecting an approximate position of the mass
unbalance. The amplitude and accuracy of the peak, as well the amount of noise (and false positive peaks) present on the rest
of the blade should relate to the sensitivity and robustness of the methods.
For the COMAC technique, the experimental results show reasonable amount of noise with no sharp peaks directly
representing false positives, while the modal strain energy method is noisier than COMAC, but it is also more sensitive
(showing a higher damage index value) and nonetheless it is still able to locate where the added mass is located. Moreover,
themodal strain energymethod ismore precise in locatingwhere the system changes occurred, with COMAC showing a shift
on the peak.
5. Conclusions and remarks
The work carried out so far showed the experimental identiﬁcation and twomodal-based damage detectionmethods for
a composite helicopter main rotor blade. The helicopter blade characteristics have been presented and an experimental
modal analysis was carried out to identify the blade vibration modes. Then, the two modal-based monitoring methods,
COMAC andmodal strain energy, were introduced and implemented for experimental conditions using a mass as unbalance
to simulate damage and a comparison was carried out between the studied cases.
When analyzing the presented modal-based detection methods, some of their characteristics can be understood and
inferred. Both methodologies were able of detecting the location of the system changes, but with some important remarks.
First of all, the COMAC damage indicator was shown to be less sensitive than the strain energy technique, but still with
reasonable results, although the damage index did not detect the exact location of the added mass. The modal strain energy
F.L.M. dos Santos et al. / Case Studies in Mechanical Systems and Signal Processing 3 (2016) 22–27 27formulation uses a lot of approximations to calculate the ﬁnal damage index, but it still provided good detection possibilities
and sensitivity.
Future works include the use of different types of sensors, such as strain gauges or Fiber Bragg Grating (FBG) sensors, to
directlymeasure strainmodes to be used in the strain energy formulation.More precisemethods that approximate the strain
modes from the displacementmodes are also part of future plans to better understand the strain–displacement relations for
these complex composite structures.
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